A non-hypersensitive resistance in pepper to the bacterial spot pathogen is associated with two recessive genes. Phytopathology 92:273-277.
Bacterial spot disease of pepper is a serious problem in many pepper production areas, especially during periods of high temperatures and high moisture (24) . It is primarily incited by two Xanthomonas spp., X. vesicatoria and X. axonopodis pv. vesicatoria, in which Vauterin et al. (25) had placed the B and A group strains (2), respectively. However, as a result of DNA hybridization studies (10) the A group of strains was determined to have less than 70% homology with the type strain of X. axonopodis, which indicates that they should not be considered members of the same species. Thus, we will refer to the A group of strains by the previously accepted name X. campestris pv. vesicatoria (Xcv) until they are moved to an appropriate species. Although control strategies are implemented in which bactericides such as copper compounds or streptomycin are used, bacterial strains often are tolerant or resistant to them (2) .
The major control strategy dealing with plant resistance has been to identify resistance genes associated with a hypersensitive response (4, (11) (12) (13) 23) and introgress them into commercial genotypes by conventional or molecular techniques. Currently, three resistance genes (i.e., Bs1, Bs2, and Bs3) have been deployed in commercial pepper varieties. These resistance genes interact with the corresponding bacterial avirulence genes and result in an incompatible or hypersensitive reaction (18) . Most strains identified in the 1990s contained one or more avirulence genes (2, 20) , although race 6 strains were identified that contained none of the avirulence genes (21) . Two of the avirulence genes (avrBs1 and avrBs3) are plasmid-borne (12, 17) and can be lost or mutations may occur (7) , rendering the genes inactive. The appearance of pepper race 6 strains in commercial fields has reduced the usefulness of hypersensitive-associated resistance (8, 19) .
A second strategy using plant resistance for controlling bacterial spot is to identify non-hypersensitive resistance and use this in combination with the hypersensitive-associated resistance genes. Genotypes with moderate resistance have been identified. McCarter (17) and Lane et al. (15) identified pepper genotypes, designated as C44 series, which were derived from crosses made between PI 163192 and PI 264281 that had high levels of resistance to bacterial spot. The resistance in this series was not associated with a known resistance gene that interacted with any of the known avirulence genes. S. M. McCarter identified one genotype, Pep13, derived from the C44 series, which had a high level of resistance to bacterial spot (S. M. McCarter, personal communication). The resistance associated with a second genotype identified in PI 271322 was backcrossed with Early Calwonder (ECW) several times to derive the line designated ECW44 (R. E. Stall, unpublished data). Resistant line ECW44 was then crossed with ECW13, a near-isogenic line of ECW, which contains the Bs1 and Bs3 genes, and backcrossed three times into ECW44 so that the resistance in ECW44 and the Bs1 and Bs3 genes were maintained. The genotype was designated ECW134 LF-1. After each backcross, resistant F 2 plants were used in the next backcross to the recurrent parent.
The resistances in Pep13 and ECW134 LF-1 were combined by making crosses between Pep13 and ECW134 LF-1. F 2 plants were screened for resistance by inoculating with a pepper race 6 strain, which contains none of the known avirulence genes. Plants with a high level of resistance were selected and backcrossed to ECW134 LF-1, and F 2 populations were screened. Only plants that had a high level of resistance to P6 and contained the Bs1 and Bs3 genes were selected. This strategy was repeated three times to create ECW1346. ECW1346 was crossed with 9509-27-3 (Pepper Research, Inc., Loxahatchee, FL), a large-fruited line that contains Bs1 and Bs2. Highly resistant plants in an F 2 population containing the Bs1, Bs2, and Bs3 genes and resistance to the race 6 strain were selected and backcrossed seven times into ECW134 to create ECW12346.
The objectives of this study were to (i) determine the level of field resistance associated with ECW12346 in comparison to known resistant and susceptible genotypes; (ii) determine the inheritance associated with ECW12346 that interacted specifically with pepper race 6; and (iii) characterize the type of resistance reaction by assessing the effect of genotype on population dynamics and confluent necrosis of Xcv when infiltrated into the leaf mesophyll.
MATERIALS AND METHODS
Bacterial strains and inoculum production. The bacterial strains used in this study were pepper race 3 strain 88-5 from Florida, pepper race 6 (P6) strains XV157 from S. Miller (OARDC, Ohio State University, Wooster) and Xcv259 from D. Ritchie (North Carolina State University, Raleigh), and pepper race 10 strain Xcv376 from D. Ritchie. The strains were grown overnight in nutrient broth (BBL, Cockeysville, MD) at 28°C, except where otherwise indicated. The bacteria were pelleted by centrifugation and resuspended in sterile tap water. The suspension was standardized to approximately 10 8 CFU/ml by adjusting the turbidity to A 600 = 0.3. The cell suspension was then adjusted to the appropriate concentration by diluting in sterile tap water.
Greenhouse experiments. ECW12346 along with five other pepper genotypes were evaluated in the greenhouse at Boynton Beach for their response to P6 and P10 strains. These experiments were conducted to further confirm the results obtained in the field. PR93-2-1 and Boynton Bell are commercial bell pepper hybrids and the remaining (ECW12346, ECW123, PEP13, and Dempsey) are inbred lines. Plants were grown in 60-cell plastic trays for approximately 10 weeks in the greenhouse at temperatures ranging from 25 to 30°C and were transplanted into 15-cm pots filled with Fafard Mix 4 (Fafard, Inc., Agawam, MA). The pots were fertilized once with Osmocote 14-14-14. The experimental design was a randomized complete block with six single plant replications per race per genotype. The bacterial strains, Xcv259 (P6) and Xcv376 (P10), were grown on lima bean agar (Difco Laboratories, Detroit). Inoculum for each bacterial strain was prepared separately in sterile water to a uniform concentration of 10 5 CFU/ml. Silwet L-77 (Loveland Industries, Inc., Greeley, CO) was added to the inoculum suspension at 0.04% (vol/vol) prior to inoculation. Each plant was inoculated by submersing in the inoculum suspension for 15 s. Care was taken to reduce the risk of contamination between the two races by inoculating with only one race at a time. Foliar disease ratings were taken on all plants using a visual disease severity scale of 0 to 9, with 0 = no lesions observed, 1 = trace but less than 1% leaf area diseased, 2 = 1 to 10% leaf area diseased, 3 = 11 to 20% leaf area diseased or defoliated, 4 = 21 to 35% leaf area diseased or defoliated, 5 = 36 to 50% leaf area diseased or defoliated, 6 = 51 to 65% leaf area diseased or defoliated, 7 = 66 to 80% leaf area diseased or defoliated, 8 = 81 to 99% leaf area diseased or defoliated, and 9 = complete defoliation (14) . These data were used to calculate areas under the disease progress curves (AUDPC) as described by Campbell and Madden (3) . The experiments were conducted in 1999 and 2000.
Field experiments. In experiment 1 (southwest Florida), transplants were produced by sowing seeds on 21 July in 242 cell standard-sized flats. Plants were transplanted to the field on 18 September. Plots contained 20 plants spaced at 25 cm within a row and planted in a double row into four 75 cm × 150 m length raised beds covered with plastic mulch following fumigation (16) . Drip irrigation and fertilization were applied according to standard pepper production (16) . Buffer rows consisted of the susceptible genotype 'Jupiter Sterling' planted on either side of test plots and at the end of rows. Plants were inoculated with P6 strain Xv157 in the field with a hand-pumped backpack sprayer on 1, 4, 6, 8, and 21 October by applying 657 ml of inoculum per 30 m to the undersides of plants on each side of the double row. Plants were assessed for disease severity at 2-week intervals on a scale of 1 to 9, with 1 indicating no disease and a rating of 9 indicating dead. Disease ratings for each plot were used to calculate AUDPC. Pepper fruit were harvested once on 2 December and graded according to U.S. standards for grades of pepper in the categories of U.S. Fancy, U.S.1, and nonmarketable due to either small or misshapen size. Yields were normalized for missing plants. Yield data and AUDPC were subjected to analysis of variance (ANOVA), and the means were tested for significance using Duncan's multiple range test provided by SAS for Windows (Cary, NC).
In experiment 2 (Gainesville), pepper seedlings were transplanted to Speedling flats, grown to transplant size, and inoculated with the P6 strain by infiltrating a leaflet of each plant with a bacterial suspension adjusted to approximately 10 7 CFU/ml. The transplants were set in the field on 6 August in a randomized complete block design consisting of 10 plants per plot and four replications. Plants were spaced 30 cm apart in each plot and 90 cm apart between plots. The plots were assessed for disease severity using the Horsfall-Barrett system (9) .
Inheritance of resistance. ECW123 (P s ) and ECW12346 (P r ) were used as parents. The former line was selected because it contained the same R genes as the resistant parent, which would not be a confounding factor. Seedlings representing the parents, F 1 , F 2 , BcP s , and BcP r were transplanted into a soilless mix in 10-cm pots and grown under greenhouse conditions for approximately 3 weeks. The first true leaves were infiltrated with approximately 10 5 CFU/ml of P6 strain Xv157. The inoculated plants remained in Electrolyte leakage. ECW123 and ECW12346 seedlings were transplanted to soilless mix in 10-cm pots and grown for approximately 4 weeks in the greenhouse. Mature leaves were infiltrated with 10 5 or 10 8 CFU/ml of P3 strain 88-5 or P6 strain Xv157. Plants were incubated in a growth room at 28°C on a 12-h light cycle. For plants infiltrated at 10 8 CFU/ml, three leaves were collected for each treatment every 12 h beginning at 0 h and assayed independently for electrolyte leakage as described by Cook and Stall (6) . For plants inoculated with 10 5 CFU/ml, three leaves for each treatment were assayed for electrolyte leakage at 0, 2, 4, 6, 8, and 10 days after infiltration. For statistical analysis, the area under the electrolyte leakage curve (AUELC) was determined using the program developed for AUDPC. The experiment was set up as a completely randomized block design and the AUELCs were analyzed using PROC ANOVA provided by SAS for Windows (Cary, NC).
Internal bacterial populations. ECW123 and ECW12346 seedlings were transplanted to soilless mix in 10-cm pots and grown for approximately 4 weeks. Mature leaves were infiltrated with 10 5 CFU/ml of P3 strain 88-5 or P6 strain Xv157. Plants were incubated in a growth room at 28°C with a 12-h light period. Three leaves were collected for each treatment at 0, 2, 4, 6, 8, and 10 days. Bacterial populations were determined by removing two 0.5-cm 2 leaf disks from the infiltrated area, grinding the disks in 1 ml of sterile distilled water, and plating the appropriate dilutions on nutrient agar. For statistical analysis, the area under the population curve was determined using the program developed for AUDPC. The experiment was analyzed as described previously.
RESULTS

Greenhouse experiments.
Results from the two greenhouse experiments conducted at Boynton Beach were similar both years (Table 1) . Bacterial spot disease severity on the susceptible checks ECW123, Boynton Bell, and PR93-2-1 was high by 3 weeks after inoculation. ECW12346 had significantly less disease compared with the susceptible checks and Dempsey. Dempsey had significantly lower disease than ECW123.
Field experiments. In experiment 1, disease was most severe on ECW123 and Jupiter (Table 2) . Disease severity was slightly but significantly lower on Boynton Bell. Dempsey and ECW12346 consistently had the lowest disease severity, whereas Pep13 had slightly higher ratings. Analysis of the AUDPC values revealed that Jupiter and ECW123 had significantly higher AUDPC values followed by Boynton Bell and Pep13. ECW12346 and Dempsey had the lowest values, although the latter genotype was not significantly lower than Pep13. Yield was reduced most extensively in Jupiter, ECW123, and Boynton Bell (Fig. 1) . Pep13, ECW12346, and Dempsey had approximately the same fruit weight per plant. In a similar field test conducted in Boynton Beach where no disease was present, Pep13 and ECW12346 had significantly lower fruit yield than Boynton Bell, whereas Dempsey was not significantly different from any of the genotypes (data not shown).
In experiment 2, a disease severity rating was made approximately 75 days following transplanting to the field. ECW12346 and Pep13 had significantly less disease than ECW123 and Boynton Bell ( Table 2) .
Inheritance of resistance. Inoculation of the susceptible parent resulted in all 12 plants having complete necrosis (i.e., disease rating of 4) in the inoculated area (Table 3 ). All resistant parent plants (i.e., ECW12346) had no apparent disease (i.e., disease rating of 1). All but one of the 24 F 1 plants were rated as 4s, while the remaining F 1 plant was rated a 3. The F 2 population segregated into four disease reaction types. Of the 96 F 2 plants tested, seven produced a resistant reaction of 1, 17 plants produced slight yellowing and minimal necrosis and were rated 2, 14 plants had significant necrosis and yellowing in the inoculated area and were rated 3, and 58 produced the susceptible disease reaction of 4. As a result of the four disease reactions, and the low number of resistant and intermediate reactions compared with susceptible reactions (i.e., 58), the data were analyzed to determine if they fit the segregation of two recessive genes or a 1:3:3:9 ratio. Based on chi-square analysis, the F 2 data fit two recessive genes. Chi-square analysis of the F 1 , BcP r , and BcP s was fully supportive of the F 2 data for two recessive genes. Homozygous recessive genes at either locus resulted in an intermediate response.
As a result of screening the F 3 plants, several initial F 2 ratings were placed in the wrong category. The F 3 progenies of six of the seven F 2 plants receiving a score of 1 were homozygous for a 1 rating and were thus homozygous recessive at the five and six loci, because both genes are needed for a rating of 1; however, progeny from the seventh plant were found to be heterozygous and contained plants that were scored as 1 and 2. Thus, one F 2 plant was incorrectly rated as a 1 and should have been scored as a 2. One of the progenies of the 17 F 2 plants receiving a rating of 2 contained only plants scored as 1, and thus was homozygous for category 1. The parent of that progeny was originally rated as a 2 but should have been scored as 1. Two other progenies in this group contained plants scored as 3, and the parents were moved to the category 3 rating. Of the remaining 14 progenies, three were homozygous recessive at the 2 locus and homozygous dominant at the 3 locus. Eleven progenies were homozygous recessive at the 2 locus, but heterozygous at the 3 locus. Heterozygosity at the 3 locus resulted in plants with a score of 1 in the progeny. Of the progenies of the 14 plants rated as 3, two contained plants rated as 2 and the parents of these were again improperly categorized. Of the remaining 12 progenies, five were homozygous recessive at the 3 category and homozygous dominant at the 2 locus. Seven progenies contained plants that were heterozygous dominant at the 2 locus. The progenies of the 58 plants scored as 4 (susceptible) each contained susceptible plants. Thus, the susceptible plants in the F 2 population were accurately scored.
Of the 96 plants in the F 2 generation, only six were mistakenly categorized and then by only one level of resistance. When these six plants were placed in their correct categories, the ratios of plants in each category did not change. Thus, the scoring of each plant in the inheritance test was supported by progeny testing.
Electrolyte leakage. A rapid increase in electrolyte leakage occurred within 12 h in leaves of ECW123 and ECW12346 infiltrated with 10 8 CFU/ml of the P3 strain ( Fig. 2A) . Electrolyte leakage remained low in ECW123 and ECW12346 leaves up to 60 h after infiltration with the P6 strain. In leaves of ECW123 and ECW12346 infiltrated with 10 5 CFU/ml of the P3 strain, no rapid increase in electrolyte leakage occurred within 10 days (Fig. 2B) . Similar results were observed in leaves of ECW12346 infiltrated with a P6 strain. However, there was an increase in electrolyte leakage in the compatible interaction of leaves of ECW123 infiltrated with the P6 strain beginning approximately 6 days after being infiltrated.
Internal bacterial populations. Bacterial populations increased rapidly in leaves of ECW123 infiltrated with the P6 strain (Fig. 3) . Intermediate bacterial populations were observed in the leaves of ECW12346 infiltrated with P6 and in the incompatible interaction (i.e., P3 infiltrated into ECW123). Internal populations basically remained unchanged in the incompatible interaction (i.e., P3 infiltrated into leaves of ECW12346).
DISCUSSION
In recent years, P6 strains have become prevalent in pepper fields where varieties that contain the resistance genes Bs1, Bs2, and Bs3 to the bacterial spot pathogen are grown (19, 21) . In the present study, genotype ECW12346 demonstrated a high level of greenhouse and field resistance to race P6. It was also shown that P6, which induces a compatible interaction in pepper genotypes containing the three pepper resistance genes (Bs1, Bs2, and Bs3), caused significant defoliation in two genotypes containing the three resistance genes. In the two field tests, defoliation in the variety containing the three resistance genes was similar or close to that observed in a variety that contained no resistance genes. This is in agreement with the work of Kousik and Ritchie (14) in which they demonstrated that X. campestris pv. vesicatoria strains lacking the avrBs1, avrBs2, and avrBs3 cause significant defoliation in pepper genotypes containing the three resistance genes.
The resistance in ECW12346 to P6 appears to be associated with the interaction of X. campestris pv. vesicatoria strains with resistance genes that are not involved in hypersensitivity. This was determined by quantifying electrolyte leakage. No rapid increase occurred in ECW12346 following infiltration with 10 8 CFU/ml of a P6 strain, whereas a rapid increase in electrolyte leakage occurred in ECW123 or ECW12346 when leaves were infiltrated with a P3 strain. In the former case, there appeared to be no interaction between an avirulence gene and corresponding resistance gene, whereas in the latter two cases, the rapid increase was typical of such an interaction. When plants were infiltrated with the lower (10 5 CFU/ml) concentration, electrolyte leakage increased only in the compatible interaction between P6 and ECW123. None of the other treatments, including the P6-ECW12346 interaction, resulted in an increase in electrolyte leakage. The fact that electrolyte leakage did not increase significantly in P6-ECW12346-infiltrated leaves throughout the course of the experiment strongly suggests that this genotype is suppressing disease development as a result of a nonhypersensitive type of resistance mechanism.
The population results corroborated those derived from electrolyte leakage at 10 5 CFU/ml in that the only significant increase in internal populations occurred in the compatible interaction (i.e., P6-ECW123). The incompatible interactions (i.e., P3-ECW123 or P3-ECW12346) and the P6-ECW12346 interaction resulted in at least a two log unit reduction in internal populations. In the case of the P6-ECW12346 interaction, the non-hypersensitive-associated resistance apparently was responsible for suppressing internal populations. The fact that there was no rapid increase in electrolyte leakage associated with infiltration of the P6 strain into ECW12346, but a significant reduction in internal populations, suggests that a type of resistance apart from the typical hypersensitive-associated resistance (6) is responsible.
In one of the experiments, there was a response involving the P3 strain, the Bs2 gene, and the general resistance associated with ECW12346. Although populations usually increase at least two log units in leaves during incompatible interactions, there was no such increase in the bacterial populations over the 10-day sampling period. Furthermore, populations of the P3 strain in ECW12346 were close to two log units lower than in the P3-ECW123 interaction.
The resistance in ECW12346, which interacted with the P6 strain, was determined to be associated with two recessive genes. As a result of the presence of four resistance genes in pepper (Bs1, Bs2, Bs3, and Bs4 [22] ), the two resistance genes associated with the category 3 and 2 reactions, as identified in this study, are designated bs5 and bs6, respectively. In most instances, the disease resistance attributed to each of theses genes can easily be distinguished based on the disease reactions. The former was derived from PI 271322, whereas the latter was associated with the C44 series, as described by McCarter (17) and Lane et al. (15) and derived from PI 264281 and PI 163192. This type of resistance is very different from previously published reports of resistance in pepper and tomato. Previously published reports of resistance genes that have been characterized in pepper include the Bs1, Bs2, and Bs3 genes, which are dominant (4-6,13), and in tomato include Xv4 and Rxv, which are dominant (1) and incompletely dominant (23), respectively. Selecting for the resistance associated with the non-hypersensitive resistance in ECW12346 is easily attained by infiltrating a low concentration (≈10 5 CFU/ml) of a P6 strain into the leaf of an F 2 population and determining disease response. Plants that react similarly to ECW12346 have a high level of resistance. Although we have presented much information concerning the combined effects of the bs5 and bs6 genes, further work is necessary to determine the individual roles of the two genes in terms of affecting bacterial populations and electrolyte leakage.
